Studies at the University of Southern California have shown that an unconventional solid-state device, the Knudsen Compressor, can be operated as a micro-scale pump or compressor. The critical components of Knudsen Compressors are gas transport membranes, which can be formed from porous materials or densely packed parallel arrays of channels. An applied temperature gradient across a transport membrane creates a thermal creep pumping action. Experimental and computational techniques that have been developed for the investigations will be discussed.
Introduction
Micro/meso-scale gas pumps or compressors are in demand for integration with other micro/meso-scale instruments [1] - [5] to form complete miniaturized systems. Many issues have been encountered in attempting to shrink full-scale conventional pumps successfully to micro/meso-scales [6] . The main difficulties are the required small manufacturing tolerances, the uncertainties associated with using supplementary fluids such as pump oil, thermal inefficiency, and short lifetime due to wear resulting from sliding friction. Unlike most conventional pumps, the Knudsen Compressor, a solid-state pump/compressor based on the gas kinetic phenomena of thermal transpiration and thermal creep, requires no moving parts or supplementary pumping fluids.
In 1910, Knudsen reported on the first multistage thermal transpiration pump, which successfully achieved a pressure increase of a factor of ten [7] [8] . A series of ten capillary segments formed in a glass tube, along with Bunsen burners to provide temperature gradients across the capillary segments, were used in Knudsen' s original experiments to demonstrate a thermal transpiration cascade. Restricted by the size of the capillary segments, the thermal transpiration could only be demonstrated at low pressures. Also, the thermal conductivity of glass or other porous materials at that time was relatively high, so the efficiency of the pumping process was low.
Modern membrane materials with smaller channel sizes and extremely low thermal conductivity, such as aerogel, significantly improve a Knudsen Compressor's performance compared to Knudsen's 1910 investigations.
Based on Knudsen's original design, Pham-Van-Diep et al [9] suggested a modern version of the Knudsen Compressor in 1994. Vargo later demonstrated it using aerogel as the Knudsen Compressor membrane [10] [11] . Performance analysis of the Knudsen Compressor has shown that it is most efficient if operated in the transitional flow region [12] . Using aerogel membranes, the micro/meso-scale Knudsen Compressor has successfully performed operations at atmospheric pressure down to 10s of mTorr at the University of Southern California [13] - [16] .
History of Thermal Transpiration/Creep
Therma1 transpiration was originally investigated experimentally by Osborne Reyno1ds [17] in 1880, based on earlier experimental observations from 1831 to 1863 by Graham [18] . It was subsequently investigated by Knudsen [7] [8] and Gaede [19] among others and has been a subject of attention up to the present. Thermal transpiration is of course inextricably entwined with isothermal molecular capillary flows. Chemists, nuclear scientists and applied mathematicians have all found reason to study capillary flows. Clausing [20] for instance was interested because transient molecular flow through a capillary channel gave a measure of the average dwell time of molecules in the adsorbed layer on the capillary's surface. Weber [21] in 1932 and later Liang [22] in 1951 developed semi-empirical expressions for gaseous diffusion in porous media. More recently (1961) (1962) (1963) Evans, Watson and Mason [23] developed a mostly analytical "dusty gas" model for diffusion and thermal transpiration in porous media. At about the same time, beginning with Takao [24] in 1960 and shortly thereafter by Cercignani [25] in 1963, modern analyses of transitional Poiseuille flow have had an active history. Ferziger [26] , Sone [27] , Loyalka [28] , and Cercignani [29] studied the transitional flow problem in capillaries during the late 1960's. In 1966 Miller and Buice [30] developed free molecule flow results for thermal transpiration in capillaries with velocity dependent surface scattering. Loyalka [31] The flow through very small capillaries (~ 100 nm) has been the subject of attention from both the nuclear and chemistry communities [23] [34] . Recently, because of their availability, micromachined channels with minimum dimensions down to 100 nm have been studied [42] [43] .
Somewhat larger minimum dimension micromechanical channels have been investigated by Breuer and his group [43] . These studies have raised interesting issues which have been looked at before, but in geometrically less well defined situations [44] .
In parallel with the ability to produce well defined, 100 nm and smaller flow channels V.D.
Borman, S. Yu. Krylov and their associates at the Engineering Physics Institute (Moscow) have, beginning in 1986, developed a theory of molecular gas flow in small channels that self-consistently accounts for the dynamics of molecules and phonons [45] - [47] . Since 1990 collaboration of Borman and Krylov with Beenakker, Hermans and Hoogeveen at Leiden University has extended the interpretation of this work to sub-nanometer channel flows [48] - [50] . There have been several very recent numerical and analytical studies on nano-scale channel flow phenomena [51] [52] . However, in well-defined nanometer to sub-nanometer flow channels, no experimental studies have yet convincingly investigated the complex, physical characteristics accompanying either temperature driven or pressure driven flows.
Thermal Creep Flow
Knudsen's view of thermal creep flow is illustrated in Figure 1 . Thermal creep is used to describe what occurs in transitional rarefied flows, primarily along walls with a superimposed wall surface temperature gradient. Substantially diffuse and thermally accommodated reflections are required at the surface for thermal creep to be significant. Figure 1 , thermal creep flow is from the cold end of a tube towards the hot end.
As indicated in
For free molecular flow, thermal creep flow will fill the entire tube, becoming thermal transpiration.
In the case of transitional flow, the thermal creep occurs closer to the tube's walls. As a consequence of the cold to hot flow a pressure difference between the hot and cold ends can be established a pressure return flow will occur, partially or completely balancing the thermal creep flow. Thus, thermal creep can produce both a net gas flow and a pressure difference, which are the requirements for a pump.
Theoretical Flow Model for a Single Stage Knudsen Compressor
A single stage of a Knudsen Compressor is illustrated in Figure 2 as suggested by Muntz et al [12] . Each stage has a membrane section, where temperature increases, causing the pressure increases due to the rarefied gas phenomena of thermal creep or thermal transpiration. Following the membrane section, there is a connector section with a significantly larger radius than the individual capillaries. Under normal operation, the connector section operates with the gas flow closer to the continuum regime, so that the pressure is approximately constant while the gas temperature is lowered to T L,i , the gas temperature entering the stage.
A Knudsen Compressor optimization analysis [12] was conducted based on flow coefficients calculated from the linearized Boltzmann's equation for transitional flows through an infinite capillary [37] . Two flow coefficients, the thermally driven flow coefficient and the pressure driven return flow coefficient, are available as functions of Knudsen numbers [37] . Based on the operating Knudsen number in the flow channel, both mass flow and the pressure change can be obtained.
The mass flow (
• M ) through a capillary tube of length L x , assuming small temperature and pressure gradients, can be written as
Here ∆p is the pressure difference, p avg is the average pressure in the capillary tube, ∆T is the temperature difference, T avg is the average temperature in the capillary tube, Q T is the thermally driven flow coefficient, Q P is the pressure driven return flow coefficient, A is the capillary's crosssectional area, L r is the radius of the capillary tube, L x is the length of the capillary tube, m is the molecular mass of the gas, and k is Boltzmann's constant. Physically, the two competing flows illustrated in Figure 2 (the thermally driven flow that is described by Q T , and the pressure driven flow that is described by Q P ) form the net gas flow.
When Eq. (1) is set equal to zero, the thermally driven upflow is exactly balanced by the pressure driven return flow. In this situation, the pressure change ∆p is at its maximum value designated as ∆p max , and Eq. (1) reduces to
Due to the relatively small length to diameter ratio in the connector section, it is not completely accurate to apply the linearized analysis of transitional flow to the connector. The coefficients were developed under the assumption of infinite tube length. Neverthelessan approximation is useful, it is convenient to express the pressure drop due to thermal creep in the connector section opposite to the pressure increase in the membrane section using the linearized approximation [12] . Assume that the gas temperature at the connector section's outlet returns to the stage's inlet temperature. Also assume that the average pressure in the connector section is the same as in the capillary section. The ratio of the maximum pressure change for the entire Knudsen Compressor stage to the maximum
The subscript C indicates the connector section, T ∆ is the temperature change in both the capillary section and connector section. The flow coefficients provide basic theoretical predictions of the flow phenomena through the membrane channels and the connector section of a Knudsen Compressor.
Comparisons of the flow coefficient prediction and the experimental and simulation results will be presented in later sections.
Thermally Driven Flows in Sub-Nano/Nano-Scale Size Channels
At channel sizes of several nanometers and below, the molecules in a flow channel spend a significant amount of time interacting with the walls' attractive force fields, thus increasing the near-wall number densities. One result can be an increase in the thermally driven flow above the classical thermal gradient driven transpiration. Another physical effect that may become noticeable for nanometer size thermal transpiration channels is a coupling of the gas flows near the walls to the phonon flux in the wall material [45] [49] [50] . The coupling occurs when the mean travel distance of the molecules along the tube axis between collisions with the channel's wall is on the order of the phonon mean free path in the solid, leading to an enhancement of the collisional coupling between phonon and molecule flows [45] [49] . Phonon-molecule drag will be most pronounced for crystalline structures and may not be seen in random amorphous materials such as aerogel. Drag due to phonon-molecule coupling could counteract the potential for the increased efficiency mentioned above for thermally driven flows due to near wall gas density increases. For low enough temperatures, which enhance the coupling, the phonon drag could even drive the flow in the opposite direction.
There are also two quantum effects predicted for flows in nanometer-size flow channels at room temperature [50] . In certain cases the zero point energy of the molecules can overcompensate for the attractive potential energy of the well formed by the interaction of a molecule and the capillary's walls. In this case, the number of molecules in the capillary is reduced by a Boltzmann factor, leading to a screening effect based on their deBroglie wavelength in the radial direction and the strength of their interaction with the walls. The other quantum effect that has been predicted to become important in nano-scale flows occurs when the first molecular excited state in the channel is high compared to the thermal energy of the molecules. If this condition is met almost all of the gas will be in the ground state and thus it will behave as a one-dimensional gas. All of these effects increase the complexity of the interactions between the physical processes that influence the flows.
The maximum normalized steady state pressure difference that can be produced divided by the normalized temperature difference applied to a thermal transpiration channel is known as the thermomolecular pressure difference (TMPD=(∆p max /p avg )/(∆T/T avg )). The theoretical analysis based on flow coefficients for transpiration membranes with channel radii smaller than several nanometers, will require modified expressions for the thermally driven upflows and the pressure return flows, and an additional term for molecule-phonon coupling.
For normal thermal transpiration/creep flows, there are two parameters that determine the TMPD; the gas Knudsen number and the accommodation coefficient of the channel's wall. As the capillary radius becomes on the order of several nanometers it is predicted that the mean temperature of the tube will also become important. Once the channel radius has been shrunk to a size such that a molecule spends nearly all of its time interacting with the wall, the flow becomes two-dimensional (2D) and new temperature effects become important. At high temperatures the TMPD asymptotes to ½. As the temperature is decreased the increased interaction time with the wall makes the thermal transpiration effect more efficient. As the mean temperature decreases even further the phonon drag due to molecule-phonon coupling may become relatively more important.
This effect is most pronounced when the mean free path of the gas-surface interaction is similar to the mean free path of the phonon-phonon collisions in the solid lattice. Beenakker et al. have shown that the TMPD maximum occurs at roughly 240K for gases like Ar and N 2 [49] [50]. They have also
shown that the crossover to negative TMPD, driven by molecule-phonon coupling, occurs at roughly 140-180K. For instance, if these temperature effects on TMPD were found experimentally for the nonideal flow channel structure in aerogel, then it might be possible to adjust the mean temperature of the Knudsen Compressor to operate at the TMPD maximum. It is clear that both potential well models are approximate when compared to the van der Waals potential, which in itself is approximate, and that calculations based on these models are only qualitative until they can be validated experimentally. In the examples presented in figure 4 , and referring to the van der Waals potentials, the 1 nm diameter channel exhibits a potential well filling the entire channel, while for the 2 nm diameter channel, the center portion is almost free of wall attraction. In this case, the quantum effects described earlier would only be of possible significance for diameters significantly less than 1 nm. On the other hand, the effect of increased near-wall densities would still be important for the 2 nm diameter channel.
Nano-Scale Pore Condensation
At small flow channel radii increased gas adsorption can occur on the flow channel surfaces [47] . This effect can lead to flow channel blockage through gas condensation. It also may lead to flow enhancement in pressure driven flows [47] . The increased adsorption in the capillaries is due to the decreased vapor pressure from the high curvature of the small channels and is related to the increased gas surface potential well depths described earlier. The effects of pore condensation on membrane transport is an important subject, because of broad interest in the chemical physics community it is of a scope that makes it impossible to include in the present discussion.
Experimental studies of temperature driven flow phenomena
Using Both resistive and radiant heating techniques for aerogel membranes have been studied [14] [15] [16] . Similar experimental procedures were used. The mechanically machined aerogel membrane is used as an example here. In these experiments, the radiant heating technique was
adopted. An 8% carbon doping fraction aerogel with density of 80 mg/cm 3 was used, based on results from an earlier study [15] .
Several mechanically machined, carbon doped aerogel membranes have been prepared. Figures
Knudsen compressor, is shown in Figure 7 . The flow directions are shown by arrows. The desired experimental data included the pressures in both hot side and cold side chambers, the differential pressures across the single Knudsen Compressor stage, and in some cases temperatures of both the hot and cold sides of the membranes.
The experiment was set up as a closed system as illustrated in Figure 8 , which has some similarity with an earlier apparatus used by Porodnov et al [34] series, reading error of 5%) were connected to the cold side and hot side volumes in order to record the absolute pressures in each chamber. A toggle valve (denoted as short circuit valve) was connected between the cold side volume and the hot side volume to provide a "short circuit" for the two gas flows between the chambers. The light source used in these experiments was a Halogen lamp (Electrix 50W/12V). In order to increase the heat flux going into the membrane, a focusing lens was used to concentrate the light generated by the source on the membrane area. The incident flux (mW/cm 2 ) was measured by a radiant power meter (Oriel 70260) before taking experimental data.
With the short circuit valve opened, the volumes of both hot and cold sides were pumped down to the desired operating pressure, for example, around 133 Pa (1 Torr) for the mechanically channeled aerogel membrane with 210 µm diameter capillaries. After the short circuit valve was closed, the pressure on both sides was allowed to settle to equilibrium. The Halogen lamp was then turned on, and LabVIEW codes recorded ∆p (pressure difference) from the differential Baratron and p L , p H (absolute pressure of the cold side and hot side respectively) from the MicroPirani gauges.
After several hundred seconds (time scale depending on the size of the flow channels) a maximum ∆p was reached within the experimental scatter. The Halogen lamp was then shut down to record the vent-up response of the pump, by which the flow was driven through the membrane by the pressure difference. The readings from the MicroPirani gauges and the differential Baratron were recorded by
LabVIEW for the vent-up process as well.
A typical time trace of experimental data is shown in Figure 9 . The light source was turned on at t = 0 sec, and was turned off at t = 500 sec. Note that in the figures, p c is denoted as pc and ∆p is denoted as dp. Figure 10 shows an example curve fit, obtained by varying τ and ∆p max using
The characteristic time constant τ is given by
Here C M is the membrane conductance. V H and V L are the hot side and cold side volumes respectively.
Compared to the experimental data, the best curve fit was determined when the mean square error was minimized. As an example, for the curve fit shown in Figure 10 , τ was iterated to be 25.4
seconds and ∆p max = 3.4 Pa at an operating pressure close to 136 Pa. In the figure, ∆p is noted as dp and dpfit represents the value calculated by Eq. (4) for a given τ . It is essentially a perfect fit which implies an effectively instantaneous achievement of quasi-steady state flow condition at all times during the run, this assumption plus molecule conservation were used to derive Eq (4).
The membrane conductance analysis answered the following question, whether significant numbers of gas molecules will pass through the nominal aerogel part of the machined membrane?
The open area fraction of the machined rectangular channel membrane is 15%, and the capillary membrane is about 5% nominal aerogel. Pressure difference builds up more quickly due to flow through the machined channels. In general, the time constant to reach equilibrium for the nominal aerogel without machined channels is about 100 times longer than that for machined aerogel membranes. The nominal aerogel membrane's conductance is then 2 orders of magnitude less than the machined channel membrane's conductance. Due to the significant difference in conductance and time constant, practically all the gas molecules are transported through the machined channels rather than the nominal aerogel channels.
Corresponding to each operating pressure, p avg , the maximum pressure difference, ∆p max , shown Figure 11 ) characteristic dimension for the connector section, the discrepancy between the model and the experimental data appeared when flows in the connector section entered be in the transitional regime. The connector section is then subject to rarefaction phenomena, such as "reverse" thermal creep and related thermally induced internal flow. It is important to be able to account for these effects.
If the "reverse" thermal creep flow is taken into account, using a 5.0 mm characteristic dimension for the connector section, the corresponding predicted maximum pressure differences are shown as triangles in Figure 11 . As can be seen when the "reverse" thermal creep effect has been taken into account in the model, the discrepancy becomes smaller. All other membranes exhibited the same characteristics. "Reverse" thermal creep flows were certainly seen from these experiments; however, the effect was significantly larger than predicted.
One reason for the discrepancy between the model and experimental data comes from the geometry of the current single stage design. Model predictions assumed that the connector section is a straight flow channel with a temperature gradient from its inlet temperature, T H , to its outlet temperature, T L . In the experimental setup, however, the connector section introduces three 90 o bends in the flow channel ( Figure 7) . Also, the temperature distribution is nothing like assumed in the model calculations. In Figure 12 , only the aerogel surface is hot, all of the inner walls and the Plexiglas cover are at low temperatures. The relatively high Knudsen number in the connector section, and the geometric restrictions of the present design, likely introduce complex, "reverse" thermal creep induced internal circulation due to the temperature differences between the hot membrane surface and the cold connector walls.
The current temperature model neglects these effects, which, among other consequences, may cause higher heat loss through convection from the aerogel's surface. Hence the aerogel surface's predicted temperatures from the aforementioned model could be higher than temperature experienced in the experiments. These secondary flows are basically radiometer flow effects, such as one well known to occur in Crookes' Radiometer [54] - [59] . They have recently been studied by DSMC simulation techniques [36] [60]- [65] . Although there are some practical computational cost limitations, simulations can be used to investigate the influence of reverse thermal creep. Both reverse thermal creep and thermal creep induced flows can usefully be simulated as discussed in the following section.
Simulations -DSMC, Elliptical Statistical and BGK:
The phenomenon of thermal transpiration arises due to the presence of significant temperature Starting from the pioneering work by Bird [66] in the early 1960s, the direct simulation Monte Carlo (DSMC) method has evolved into a powerful numerical tool that provides accurate and efficient solutions to many important problems of rarefied gas dynamics. However, the computational cost of the DSMC method increases with decreasing Mach number. This is due to explicit time integration in the DSMC algorithm, and to larger sample sizes that are necessary to attain a reasonable signal-to-noise ratio for gas flows when the average bulk gas velocity is small 
where τ is the mean collision time and f o is the three-dimensional anisotropic Gaussian:
and
where Pr is the Prandtl number, ρ is the mass density, and p ij is the pressure tensor. The ES model equation possesses the same collision invariants as the Boltzmann collision integral and satisfies the H-theorem. Moreover, the ES model allows two gas transport coefficients -viscosity and thermal conductivity -to be reproduced, unlike the BGK kinetic model that can only specify either one of them. In this work the discrete ordinate method was applied for numerical solution of the ES model kinetic equation for thermal transpiration flow in a two-dimensional channel. A Gauss-Hermite quadrature of order 16 and the three-eighths rule was used for numerical integration of the velocity distribution function in cylindrical coordinates. A second-order finite difference scheme was used for numerical solution of the resulting system of partial-differential equations to obtain the values of the velocity distribution functions at the quadratures' abscissa. The influence of wall temperature distributions inside the channel on the gas flowfield and thermal transpiration flow rate have been studied in Ref. [67] using the ES, BGK and DSMC models. It was found that the reverse transpiration for the non-monotonic temperature distribution, which is typical for a radiantly heated carbon-doped aergogel membrane, results in significant degradation of mass throughput (by ~18 %) for the same temperature difference between the hot and cold containers.
Flow Structure of Thermal Creep
A qualitative description of thermal creep flow structure was suggested by Knudsen in the early 1900's and is illustrated in Fig. 1 . In this work a computational study of the thermal creep flow has been carried out using the numerical solution of the ES model kinetic equation Further numerical studies are necessary to elucidate the structure of thermal creep flow in the whole range of Knudsen number regimes and its dependence on the conduit and reservoir geometry.
Another important feature of rarefied gas flows driven by temperature gradients is the separation of pressure tensor components. As J. C. Maxwell explained: "when inequalities of temperature exist in a gas, the pressure at a given point is not the same in all direction, and that the difference between maximum and minimum pressure at a point may be of considerable magnitude when the density of the gas is small enough" [57] . Figure 16 shows the pressure tensor components calculated by the ES model kinetic equation solver for the thermal transpiration flow with the conditions described above. The difference between the pressures in the X, Y and Z directions is evident at the channel inlet and exit regions. Such a non-equilibrium behavior in a gas flow can only be captured by a kinetic numerical method.
DSMC Simulations Representing the Single Stage Knudsen Compressor
To Figure   18 , the complicated wall temperature distribution introduced in the hot side creates the internal flow circulation from the 'reverse' thermal creep. This result demonstrates a possible flow situation in the experimental setup but with a higher temperature ratio across the membrane channel section.
Theoretical flow coefficients would not be able to predict such complex temperature driven flow. A more complete quantitative understanding of the various internal flows remains to be developed through more extensive computations, using extensions of the techniques described in this paper. At first, the experiment design will be simplified to remove complicated flow geometries in the connector section. Using the ES Kinetic model, it will be possible to undertake simulations that incorporate the experimental temperature ratios.
Summary

Studies of Knudsen
Beyond the study of Knudsen Compressor performance, experimental and simulation techniques discussed in this paper can be used to characterize the properties of a broad range of flow channels. With the rapidly changing state of the art for manufacturing very small, relatively welldefined flow channels from various materials, it can be anticipated that there will be significant advances in the experimental study of micro/nano/subnano-scale phenomena related to gas flows. 
Nomenclature
